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Simulation setup
We used the NAMD (1) package together with the MFTOID forcefield developed at the Molecular Foundry (2) for all our atomistic simulations. We used the TIP3P potential to describe the interactions of water molecules. Short range interactions were cut-off at 12 Å and electrostatic interactions were estimated using Ewald summation with a grid spacing of 1 Å. The integration time step was set to 2 fs. A Langevin thermostat was used to fix the temperature at 300 K. For NPT simulations of the nanosheet, a Langevin barostat with period 100 fs and damping time scale 50 fs was used. The box lengths were allowed to vary independently. The SHAKE algorithm was used to fix the positions of the hydrogen atoms.
To simulate nanosheets we first built a peptoid bilayer model with the strands in each layer adopting a brick-like motif. Our bilayer nanosheet models were composed of 96 peptoids ( 2 layers of 48 chains). We simulated both all-trans and all-cis cases and the backbone dihedrals were set to the corresponding Σ-motif, see Fig. 1 g and h) of the manuscript. We also simulated cases where both φ and ψ of all residues were set to 180 • . A vast majority of the residues adopted the corresponding (cis/trans) Σ-motif during the course of the simulation. Therefore in all subsequent simulations we set the initial rotational state of the peptoid residues to the Σ-motif. The initial configuration was then solvated in water. The thickness of the water box was at least 5 nm to ensure no spurious effects due to long-range electrostatic interactions arise. In Fig. 1 we show snapshots of the initial configurations of all-cis and all-trans nanosheet models. We then minimize these initial configurations for a few thousand steps and then evolve the system in the NPT ensemble. For the all-trans case the initial input configuration was observed to be highly unstable and therefore we constrained the backbone atoms for the first few nanoseconds.
The results shown in Fig. 2 and 3 of the manuscript were obtained after about 200 ns of simulations. Here in Fig. 2 we show the final configurations from a all-cis and a all-trans nanosheet simulation to describe the alternating nature of the twist in backbones that adopt the Σ motif . We only show the backbones of the top layer of the sheet and the residues are colored depending on their rotational state, they are colored in red if they are above the positive diagonal of the Ramachandran plot and blue otherwise. We also show a cross-sectional view of the cis nanosheet in Fig. 4 . Note that all the side chains were in the charged state in our simulations. Addition of ions had no effect on the structure of both nanosheets.
In Fig. 3 we show the histogram of distances between the alpha carbons, carbonyl carbons and nitrogens of neighboring residues in the cis and trans nanosheets. The PITHIRDS-CT solid-state NMR experiments probe the alpha carbon distances (Fig. 3 a) and d)) which are peaked around 3Å and 3.8Å for the all-cis and all-trans sheets respectively. The carbonyl carbon and nitrogen distances are unimodal for the cis-nanosheet and are bimodal for the trans case ( Fig. 3 b) , c) e) and f)).
In Table 1 we only show the energetic contributions that stabilize the nanosheet. We used the NAMDEnergy plugin of VMD to obtain this data. The tighter packing of the cis-nanosheet results in stronger peptoid-peptoid non-bonded interactions in comparison to the trans case. The all-trans sheet with has a larger surface area per chain has more favorable electrostatic interactions with water molecules. While these numbers indicate that the dry cis-nanosheet is energetically favorable to the dry trans-nanosheet they also indicate that the solvated trans-nanosheet is lower in energy than the solvated cis-nanosheet, because the trans-nanosheet has larger surface area per molecule and so makes more (favorable) electrostatic contacts with water. There therefore exists the possibility that nanosheets may possess different structures in different environments. A comparison of free energies between the all-cis and all-trans nanosheets which will reveal the thermodynamic ground state, requires accurate estimates of entropy of the system and this was computationally infeasible to obtain. The histograms are then used to estimate an unbiased estimate for F (ω). We show results from two separate US simulations (blue and green curves), performed with two different spring constants k of the bias potential. As expected the results do not depend on k. c) and d) Simulation snapshots of sarcosine in trans and cis form. The numbering on the images indicates the 4 atoms that are part of the ω dihedral.
Umbrella Sampling simulations
The contours shown in Fig. 1 of the draft were obtained using Umbrella Sampling (US) simulations of a single sarcosine dipeptide molecule in vacuum. We first describe how we use US to compute free energy along a 1D reaction coordinate. In Fig. 5 we show the free energy as a function of the ω dihedral angle of sarcosine. The interval [−180 • , 180 • ] of the ω dihedral angle is discretized into a 1D grid with spacing 5 • . For each of these grid points a separate simulation is performed with a bias potential of the form U bias = k(1 + cos(nω − ω 0 )) added to the MFTOID forcefield. The value n and ω 0 are chosen such that the dihedral angle of sarcosine fluctuates around the center of the grid point. We then record the histogram of the reaction coordinate (dihedral angle ω) in each of these simulations. We choose the grid spacing such that the histograms of neighboring grid points share an overlap region ( see Fig. 5 a) . The histograms were then analyzed using the Weighted Histogram Analysis Method (WHAM) (3, 4) which quantifies the effect of applied bias and computes the unbiased free energy landscape F (ω). To compute the 2D free energy landscape F (φ, ψ), the 2D reaction coordinate space was discretized into a 2D grid of size 15 by 15 degrees. The sarcosine molecule was fixed either in the cis or trans conformation using the extraBonds functionality of VMD. For each grid point we added a bias potential to the forcefield to force the molecule to fluctuate around a specific {φ, ψ} combination. After an equilibration period, we simulate the molecule for 2 ns and record a 2D histogram of its rotational state H(φ, ψ) . The histogram from all these simulations were analyzed using the Weighted Histogram Analysis Method (WHAM) (3, 4) which quantifies the effect of applied bias and computes the unbiased free energy landscape F (φ, ψ) shown in Fig. 6 . Note that the free energy landscape is a constrained estimate as the ω dihedral of the molecule is forced to either adopt the cis or trans conformation.
The free energy barriers shown in Figure 3 of the manuscript were also estimated using US simulations. The system here is an equilibrated all-cis nanosheet. We randomly picked a chain in the sheet and computed F (ω), the free energy as a function of dihedral angle ω for residue number 7 and 15. The method to compute F (ω) is similar to the one we describe above.
Biased Simulations:
To observe cis-trans isomerization events in timescales accessible to MD simulations, we set up simulations with the MFTOID forcefield modified in an ad-hoc fashion. The objective was to understand the NMR results that suggest that residue 15 does not have a preference for the cis or trans state, while residues 7,8 primarily reside in the cis conformation. The barriers separating the minima in the backbone {φ, ψ, ω} space, are large enough, that observing such events in 100 ns simulations is rare. Borrowing ideas from umbrella sampling and the accelerated MD method (5), we devised a scheme to enable the backbones to sample their dihedral angles within timescales accessible to MD simulations. Our scheme involves applying bias potentials using NAMD's extraBonds functionality on the backbone dihedrals in a manner that can tune the amplitude of the MFTOID (peptoid forcefield) backbone dihedral terms. We turn off the bias in stages of 20 ns and at the end our simulations, the peptoids interact with the bare MFTOID forcefield. This scheme can be thought of as annealing applied only on the dihedral angle degrees of freedom. The results shown in the Figure 3 of the manuscript are obtained after 20 ns of this biased sampling method. In Fig. 7 we show the evolution of the average absolute value of ω of all residues in the sheet. This plot shows that the residue in the hinge region is equally likely cis or trans. The temperature is set to 343 K, to observe more cis-trans isomerization events.
To verify if the structure of the nanosheet is affected by trans-like residues in the hinge region of the sheet we also performed the following simulation. We randomly populated an equilibrated sheet structure obtained from simulations of the MFTOID forcefield with ∼ 50% cis like residues, only at the hinge region (residue 15). We then equilibrated this modified structure with MD simulations, and observed that the two characteristic features of the sheet namely the thickness of sheet, and the spacing between the backbones remained unaffected. is q-independent and is given by the atomic number. We also used this equation to compute the spectra for a stack of sheets with their positions projected on the xz plane and we show this in figure 8 b) . These two figures suggest that the peak at 4.5 Å corresponds to the backbone spacing in the y-direction and the peaks at low-q correspond to the lamellar spacings between the stacked sheets. The jagged nature of the curves is due to the finite size of the box which sets the wave-vectors that can be used to probe the system.
Simulation of X-ray Scattering

Height of nanosheets
The heights of the nanosheet reported in Figure 3 were estimated as follows. The simulation box was equally discretized in a 2D grid of (approximately) size 5 by 5 Å. The minimum and maximum values of the z-coordinate of peptoid atoms in each grid point was tabulated and the local height was estimated as the distance between these co-ordinates with the van der Waals radii factored in.
QM studies on the peptoid backbone
Methods: Peptoid fragments were optimized with Gaussian09 (6) in vacuo under periodic boundary conditions (PBC). All optimizations converged to Gaussian default criteria and no additional restraints were applied. The χ 1 torsions were measured from the backbone C α . 2D Packing: As is well-known, classical MD simulation results are a reflection of the underlying forcefield and we therefore performed QM calculations to validate the structure presented above ( Fig S4) . We modeled possible phenyl packing arrangements in one leaflet of a nanosheet with an alternating pattern of N-(2-phenylethyl) glycine (Npe) and sarcosine residues in 2D PBC. Our initial unit cell was a pair of peptoid tetramer fragments. We sampled 4 cis and 4 trans packing arrangements. In general, the cis conformations were substantially favored by both model chemistries used here (the B3LYP functional, which does not account for dispersion forces and M06-2X, which does).
Among the four cis conformations sampled, three were particularly favorable. In the lowest energy conformation (according to M06-2X), the backbones of neighboring strands are in a parallel orientation and the phenyl rings pack in a 'cross-hatched 'pattern (Figure 9 A) . Slightly higher in energy (at M06-2X, and the lowest overall at B3LYP) is an anti-parallel strand arrangement with phenyl rings in somewhat shingled pattern. The similarly in energies between the parallel and antiparallel geometries suggest that rather than phenyl packing, interactions of the charged residues (which are not represented in this system) may be a predominate force driving strand orientation during nanosheet formation. Note that the unit cell consists of 2 chains, each 4 residues long, but only the torsions for the first two residues in each chain are reported (as the third and fourth residues closely repeat the pattern).
The third lowest energy conformation according to both M06-2X and B3LYP, has parallel backbones, in which all phenyl rings are essentially related by translation (structure c3p, Figure 9 D) . This provides high contact area between neighboring phenyl groups, as evidenced by a rather low relative energy in M06-2X, but this packing may sacrifice favorable stacking interactions, as it it is much less favorable in B3LYP.
Powder diffraction prediction: A reduced unit cell of the 2D (N pe−sar) n system, consisting of paired N pe−sar dimer (rather then tetramer) fragments gives nearly identical optimized geometries to the paired tetrameters used above (Fig. 10) . Indeed the M06-2X/6-31G* relative energy favors the paired dimer of the c1p structure (edge-face phenyl packing) by 1.06 kcal/mol over the c3p structure (face-face phenyl packing), which is approximately half of the 2.23 kcal/mol difference found for the paired tetramers. Moreover, the edge-face structure aligns well to a representative MD snapshot (Fig. 11 ). We created model bilayers with either edge-face or face-face packing by aligning duplicate copies of the optimized c1p or c3p paired dimers and then calculated powder diffraction patterns of these structures with Mercury (setting wavelength to 1.0 Å and the full width at half maximum to 0.4) (Fig. 12) . The edge-face packing arrangement (but not the face-face) predicts a peak at 4.55 Å, consistent with experimental results. 
